The current structure and content of dental materials research has been investigated by identifying and describing the emergent research fronts which can be related to basic, translational and clinical observation research. By a combination of network analysis and text mining of the literature on dental materials indexed in the Web of Science, we have identified eleven emerging research fronts. These fronts are related to different dental materials applications which are at different levels in the knowledge translation and biomedical innovation process. We identified fronts related to dominant designs like titanium implants, competing technologies like ceramics and composites applications to prothesis and restauration, and disruptive technologies like nanomaterials and mineral trioxide aggregates. Our results suggest the possible relation between the technological complexity of the dental materials and the level of advance in terms of knowledge translation. This is the first time the structure and content of research on dental materials research is analyzed.
effective communication process between basic research (centered on the physical, chemical and biological properties of the materials, as well as the engineering involved) and the clinical practice (i.e., patient-centered). [1, [6] [7] During the two last decades, it has been pointed out the need of translating the basic knowledge produced in the laboratory into clinical practice and improvements in the health status of the population. [8] [9] In that sense, the emergence of translational transdisciplinary research communities has been proposed as the necessary bridge that connects basic research with clinical practices. [4, [10] [11] These transdisciplinary communities would be characterized by the combined use of terms and research instruments from the disciplines that are connected. [4, [10] [11] Also, the literature produced by these communities tends to be located in a central position in the citations networks. [4, [10] [11] ] Accordingly, we have developed a successful methodology to study the knowledge translation process in biomedical technologies and the research on diseases. [10, [12] [13] [14] [15] This methodology is based on a combination of network analysis and text mining as to identify and analyze the emergence of clinical basic and translational research fronts. [10, [12] [13] [14] [15] Research fronts are clusters in the citation networks [16] which are produced by a virtual community of scientist or invisible colleges that work on closely-related problems with similar approaches. Because the modularity (the tendency to form modules, i.e., "regions in the networks within which connections are dense but between which they are sparser") [17] and homophily (nodes with similar attributes tend to attach to each other more frequently than dissimilar ones) [18] are recurrent qualities of complex networks (like social and literature networks), [18, 19] it is possible to identify the research fronts. Additionally, the analysis of the content in regions of the literature networks allows to determine whether those regions are mostly related to basic, translational or clinical research.
Thus, the objective of this present study was to determine the current (2007-2007) organization of the research on dental materials in terms of content and interaction of the research fronts.
Particularly, we wanted to identify the emergence of fronts related to basic, translational and clinical research.
Methodology
The methodology has previously been successfully used to analyze the organization of the research fronts in the study of diseases [12] [13] and biomedical nanotechnologies [14] [15] : TOPIC: (dentistry or odonthology or dental) Timespan: [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] . Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI. 24,046 papers were found.
2. A network model of 17,241 papers and 73,954 inter-citations was built with the papers found in the Web of Science by using the software HistCite. [21] Then, the network model was analyzed and visualized with Cytoscape. [22] A core sub-network of papers with an indegree (inter-citations) ≥ 6 was then closely examined. This sub-network consists of 3,456 papers and 14, 251 inter-citations. Importantly, this sub-set of 3,456 papers received 75% (56,023 out of 73,954) of the citations from the whole network.
3. A Cluster analysis based in the Newman modularity [17] was performed on the core subnetwork using Clust&see, a Cystoscape plug-in. [23] This analysis divided the subnetwork of citation in several research fronts (clusters or modules of papers). It is important to mention that the three first step of the methods imply a definition of research fronts that meets the following criteria: research fronts are subsets of papers on a particular topic that are (a) recently published (from 2007 to the present), (b) highly cited (indegree ≥ 6, i.e., the top 20% most cited), and (c) they form sub-networks within which connections are dense but between which they are sparse.
4. The content of the identified research fronts -the abstract of their papers-was analyzed with KH Coder, software for quantitative content analysis (text mining) [24] . A correspondence analysis plot and a list of top ten most distinctive words was generated with KH coder. This analysis provides useful information about the content and relation among the fronts.
5. The papers with the five highest indegree within each of the research fronts were identified and closely revised.
Results
A network model of 3,456 highly cited papers on dental materials was built (Figure 1 ). The cluster analysis of the network identified 13 clusters. However, two clusters were too small to be considered as relevant research fronts. The content and interconnection of the research fronts revealed the organization of the last ten years of research on dental materials (Figures 1-3 ).
According to our results, the research fronts are organized around different types and applications of dental materials (Figures 1-3 and Table 1 ). However, the most important feature of the organization of the recent research on dental materials is that the research fronts are arranged according to a research level continuum ranging from biomedical basic research to clinical practice.
That is, the clustering analysis of the network model identified basic, translational and clinical research fronts. At one end of the continuum there is the most clinical research front (Front 4; Figures 1 and 2) , which is related to the evaluation of techniques aimed to provide the osseous tissue for supporting implants (Figures 1-3 and Table 1 ). The research front 1 follows front 4 into the continuum (Figures 1 and 2 ). This front is related to the study of the clinical implication of the use, design and placement techniques of implants (Table 1) . These two fronts (1 and 4) are closely related in terms of connectivity and content and they are characterized by reporting techniquesensitive outcomes, a patient-centered approach, and the lesser importance of the type of materials used ( Figure 3 and table 1). Following these two clinical research fronts, there is a set of translational research fronts (Fronts 2, 5 8, 10 and 11) that are characterized by the study of the clinical impact, and more importantly, the performance of dental materials ( Figures 1-3 and Table   1 ). Front 2 is related to the study of the performance and clinical impact of different materials for dental prostheses. Front 5 is related to the study of clinical performance of restorative materials mainly resin-based, amalgam and composites (Table 1 ). Front 8 is aimed to the evaluation of alternatives to titanium implants, particularly zirconia implants (Table 1) . Front 10 is a transition zone between front 2 and 5 ( Figure 1 ) and its content is too diverse as to be considered a proper research front (Table 1) . Front 11 is related to the evaluation of methods of manufacturing dental prostheses with higher accuracy fit ( Table 1) . Because its content and connectivity, front 11 could be considered an "appendix" of Front 2 (Figures 1-3 and table 1) . Finally, at the opposite end of the continuum there is a set of basic research fronts ( Figure 1 and 2) focused on the description (Front 3 and 6) and explanation (Front 7 and 9) of the properties of dental materials ( Figure 3 and Table 1 ).
Front 3 is basic research on the mechanical properties of dental materials, particularly composites (Table 1) . Front 6 is research aimed to the study of antibacterial properties of dental materials (Table 1 ). Front 7 is Basic research on the physical-chemical and biological properties of mineral trioxide aggregate and the mechanism that explain these properties (Table 1 ). Front 9 is related to the study of the cytotoxicity of resin monomers, mainly tetraethyleneglycol dimethacrylate (TEGDMA) and 2-hydroxyethyl methacrylate (HEMA), particularly the investigations on the biomolecular mechanism of cytotoxicity ( Table 1) .
One interesting result is the particularly notorious homophily in the network model, as it can be observed when we compared the structure of the network model with the clustering of the fronts in the correspondence analysis. That is, closer research fronts tend to have similar contents.
Discussion
In order to understand the relevance of these results, it is important to keep in mind that, while dental materials research is a highly consolidate discipline -with more than a century of history, if we consider the "amalgam war" from 1840 to 1850 as a starting point- [1] the scope of this study is limited to the last decade (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . In the present investigation, we wanted to know how the recent research on dental materials is structured. By focusing on the recent papers, we obtained a view on the level of the technological development of different types of dental materials and their application. That is, our study identified research fronts related to consolidated technologies (the de facto standards or dominant designs [25] ) like titanium implants; competing technologies (in which there is no de facto standard [25] like restorative materials and materials aimed to make prostheses, and potentially disruptive technologies like nanomaterials with antibacterial properties. [26] Interestingly, our results suggest that, when a dental technology becomes the dominant design (like titanium implants in research fronts 1 and 4), the relevance of its properties is less important than its implementation in the clinical practice. In that sense, the key variables in these investigations (clinical observations) are the clinical procedures and the skills of the dental practitioners. In the case of competing dental materials (front 2, 5 and 8 that are related to translational research), neither properties of these materials nor skills and procedures are at the core of the discussion.
Instead, the clinical performances of the different materials are the main topic in these fronts.
Finally, in the case of potentially disruptive dental materials the description and explanation of the materials is the central topic (basic research). In a previous investigation, we have studied the knowledge translation process in liposomes as a technology used to treat cancer by analyzing the structure and content of the literature networks. [15] In that study, we found a similar organization of the investigation on liposomes and cancer: basic research fronts associated to the development of disruptive technologies (the use liposomes in hyperthermia therapy, gene therapy and the combination of liposomes with small interfering RNA) and translational and clinical research front related to the development and implementation of the drug Doxil (liposomal Doxorubicin) which is the dominant design in cancer nanotechnology. [15] The most relevant observation of that study was that among all the possible alternatives using liposomes the most successful in terms of the knowledge translation process was the combination of liposomes with old small molecules drugs. This trade-off would, in combination with historical circumstances (which type of dental components and materials where used first) offer a partial hypothesis on the structure and content of the emerging research fronts in dental materials research. That is, the level of complexity of titanium as a material for implants could be enough low to allow researchers progress further and focus on the study of its implementation, whereas ceramics and composites represent a higher level of complexity. Dental nanomaterials would represent another increase in the complexity and this could delay its evolution in the knowledge translation process. On the other hand, mineral trioxide aggregate (MTA) has been pointed out as a disruptive and successful innovation. [28] In that sense, it is important to notice that front 7, which focused on MTA research, stands out of the crowd in terms of content (correspondence analysis) and network connectivity as it can be observed in figures 1 to 3. MTA research is strongly basic because of the need to explain the mechanism of interaction but also because its boosting of imitation research and development. That is, the development of variants of MTA and materials with similar properties. Finally, basic research in front 9 is also different from the rest of the fronts because it is not related to the development, testing or implementation of dental materials but it is focused on the explanation of the toxicity produced by some resin monomers. Further research is required to determine the extension of and explain the relations between the complexity of dental materials and their evolution in the knowledge translation process. Also, it would be particularly interesting to study MTA as an example of successfully disruptive technology.
To the best of our knowledge, this is the first time the structure and content of dental materials research has been analyzed. We found research fronts arranged along of a translational continuum, ranging from basic to clinical observation research. The fronts are related to different dental material technologies at different stages of the innovation process. There are clinical research fronts related to titanium dental implants which could be considered an example of dominant design. In a middle position in the network, and in the correspondence analysis plot, we identified translational research fronts in which different types of materials compete with each other. Finally, we found basic research related to the description and explanation of interaction mechanism between tissues and experimental new materials. Among the research fronts stands out the front related to MTA research, which could be considered an example of disruptive innovation. We speculate on the possible relation between the technological complexity of the dental materials and their evolution in the innovation and knowledge processes. Further investigation on this matter would be fundamental to understand the development trajectories of biomedical and dental technologies. Figure 1 . The network model of highly cited papers on dental materials. The model is displayed by using the "yFiles organic" algorithm. The color of nodes (representing the papers) indicates which research front they belong to. The vertices represent the citations. Note that the research fronts are ranked according to the number of papers that constitute them. Table 1 . Description of the research fronts: number of papers, most distinctive terms (Jaccard index) and papers with the highest indegree. Clinical study of the internal gaps of zirconia and metal frameworks for fixed partial dentures KH Coder terms: Fit, Gap, Accuracy, Casting, Replica, Cast, Silicone, Manufacturing, Magnification, mum
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